Graphene has recently become a unique playground for studying light-matter interaction effects in low-dimensional electronic systems. Being of strong fundamental importance, these effects also open a wide range of opportunities in photonics and optoelectronics. In particular, strong and broadband light absorption in graphene allows one to achieve high carrier densities essential for observation of nonlinear optical phenomena. Here, we make use of strong photon-drag effect to generate and optically manipulate ultrafast photocurrents in graphene at room temperature. In contrast to the recent reports on injection of photocurrents in graphene due to external or built-in electric field effects and by quantum interference, we force the massless charge carriers to move via direct transfer of linear momentum from photons of incident laser beam to excited electrons in unbiased sample. Direction and amplitude of the drag-current induced in graphene are determined by polarization, incidence angle and intensity of the obliquely incident laser beam. We also demonstrate that the irradiation of graphene with two laser beams of the same wavelength offers an opportunity to manipulate the photocurrents in time domain. The obtained all-optical control of the photocurrents opens new routes towards graphene based high-speed and broadband optoelectronic devices.
O
wing to a gapless linear band structure and a high mobility of massless charge carriers, graphene is widely recognized as a material of future all-wavelength optoelectronics [1] [2] [3] . There were proposed several ways to utilize photoexcited carriers. For example one can employ a built-in potential at the metal-graphene or graphene-graphene interfaces [4] [5] [6] or to apply external voltage. Another approach to study photoexcited carriers suggests injection and coherent control of ballistic photocurrents using quantum interference of one-and twophoton absorption pathways or frequency mixing [7] [8] [9] [10] . Despite a strong third-order nonlinearity of graphene 11 observation of these effects requires high light intensities and perfect coherence of the interacting beams.
The photon drag effect (PDE) [12] [13] [14] offers an alternative all-optical way to generate and control the photocurrents in unbiased graphene. This second-order nonlinear optical phenomenon enables generation of the transient currents in a medium using a single linearly polarized obliquely incident laser beam. We demonstrate that the induced drag-currents can be manipulated in time domain by the second excitation beam at the same frequency which is not necessarily coherent with the first one. The directions, amplitudes and the temporal behavior of the induced currents are determined by intensities, mutual orientation and polarizations of the excitation beams.
The properties of the second-order nonlinear optical response are determined by the symmetry of a medium. Since graphene possesses the inversion centre, the second-order electric-dipole susceptibility of graphene is zero and generation of a direct current (DC) (photogalvanic effect) or DC polarization (optical rectification) is forbidden 15 . This restriction imposed by the centrosymmetricity of graphene can be lifted off by external or built-in electric field 16, 17 . In free-standing pristine graphene, the nonlinear optical effects of the second order in the light field are only possible due to mechanisms that take into account a finite momentum that photon transfers to the electron. This transferred momentum results, in particular, to the PDE [12] [13] [14] . The PDE originates from the transfer of the absorbed photon momentum to a free carrier and is allowed in all materials, whether they process inversion symmetry or not. However, the energy and momentum conservation imply that momentum transfer from photon to electron (hole) requires participation of the lattice via the electron-phonon interaction. Since ka = 1, where k is the wave vector and a is the lattice parameter, the photon-drag current in most materials is negligibly weak. From the other hand the acquired momentum and, hence, the drag current survives for only the momentum relaxation time t p , which is also determined by the interaction between carriers and phonons. That is, the stronger the electron-phonon coupling, the higher the momentum transfer rate and the shorter the momentum relaxation time. The high carrier mobility, the linear energy dispersion and a relatively low (in comparison with semiconductor crystals) momentum relaxation rates makes the PDE in graphene and graphene-based materials observable. We have previously demonstrated that in carbon nanotubes 18 and nanographite thin films 19, 20 irradiated by nanosecond optical pulses at oblique incidence, the PDE gives rise to the strong DC current. Also, the significant contribution of the PDE to generation of the electron and spin currents in topological insulators 21 and graphene [22] [23] [24] was recently reported. However the latter works were mainly focused on the effects of photon helicity under intraband excitation in the far IR or THz range. Here, we show for the first time that interband excitation of graphene with linearly polarized visible or near IR light enables PDE, which leads to an efficient generation of the ultrafast in-plane current and THz generation.
Results
In the experiments, we used single-and multi-layered(ML) graphene samples, obtained by a chemical vapor deposition (CVD), with area of about 1 cm 2 and thicknesses ranging from 1 to approximately 40 atomic layers 25, 26 deposited on dielectric (either SiO 2 or polymer) substrates. It should be noted that the experimental results showed no qualitative dependence on both the sample thickness and type of the substrate. We found also that the presented technique is not sensitive to the stacking order of graphene layers in multilayer samples. This is in agreement with [27] [28] [29] [30] indicating that in the subpicosecond time scale, the intralayer processes dominate the carrier dynamics, while the dynamics at later times is governed by the interlayer coupling.
In order to induce the ultrafast photocurrents in the graphene sample we employed a 1 kHz Ti:Sapphire femtosecond oscillator/ amplifier (pulse width 120 fs, central wavelength of 790 nm) and optical parametric oscillator pumped with the fundamental beam (1064 nm) of Nd:YAG laser. The latter system delivers 10 ns pulses at a central wavelength, tunable in the range from 1150 nm to 4000 nm, with 10 Hz repetition rate. In both cases the pump beam was linearly polarized. The polarization plane azimuth varied from p-to s-by a stepwise rotating a half-waveplate positioned before the sample. In all measurements, the pump beam was directed to the graphene sample surface at oblique incidence without any focusing. The incidence angle was controlled with a rotation stage while the excitation beam spot size on the sample was controlled with an iris aperture and varied from 200 mm to 0.5 cm.
To detect the induced photocurrents across the sample we attach to its surface two parallel conductive stripe-line electrodes connected to a 400 MHz digital oscilloscope with 50 V input impedance under short-circuit conditions. The typical waveforms of the photocurrent obtained under femtosecond and nanosecond laser pulses incident at 45u in a transversal geometry (the electrodes are perpendicular to the incidence plane of the pump beam, see inset of the duration of the signal obtained from graphene samples and the photodiode is determined by the registration system bandwidth, while its magnitude represents the time-integrated current. In the case of the excitation with femtosecond pulses we were also able to detect terahertz (THz) field emitted from the irradiated graphene sample. The observed THz emission expectedly confirmed the ultrafast origin of the photocurrent induced in graphene. Figures 1(c) and (d) present the measured waveform and spectrum of the THz signal emitted from the contact-free area of the graphene sample. The details of THz emission experiment 31 in graphene are presented in Supplementary information.
The amplitude of the photocurrent was measured in longitudinal (the contacts are parallel to the incidence plane, see inset in Fig. 2(a) ) and transversal (the contacts are perpendicular to the incidence plane of the pump beam, see inset in Fig. 2(b) ) geometries at different incidence angles and polarization of the excitation beam. We paid special attention to avoid illumination of the contact electrodes and adjacent sample areas, where a built-in electric field exists 32 . The results of these measurements, presented in Fig. 2(c) demonstrate that the magnitude of the induced photocurrent strongly depends on the polarization azimuth (Q) and on the incidence angle (a) of the laser beam at nano-and femtosecond excitation. In both transversal and longitudinal geometries, the photocurrent completely vanishes at normal incidence (h 5 0u) and is maximum at ,45u incidence angle. At a finite incidence angle, h?0u, the photocurrent magnitude shows sin2Q-and cos2Q-like behavior in longitudinal and transversal geometries (for details see Supplementary information), respectively (the corresponding fitting curves are shown with solid and dashed lines in Fig. 2 ). The measured angle and polarization dependencies of the photocurrent resemble those obtained for other nanocarbon materials 18, 20 .
To demonstrate all-optical control of the transient currents we performed the dual-beam experiment. Since the direction of the photon-drag current is predetermined by the in-plane component of the wavevector of the excitation light wave (see Eq. (2)) we irradiated the front side of the sample with two beams incident at the same angle but the opposite directions (see Fig. 3 ). While the spectral and temporal parameters of both beams are equal, the polarization azimuth of the first linearly polarized beam is controlled with a halfwave plate. According to the phton-drag theory, in this configuration, each of the beams should induce the in-plane photon drag current of the same magnitude but with the opposite sign, i.e. the laser pulses should produce signals of the opposite polarity.
We first performed the experiment at a zero time delay between the excitation pulses. If the intensities and polarizations of the first and the second beams are equal, the corresponding photocurrents should completely compensate each other resulting in a zero net current and hence a zero potential difference between the electrodes. In upper part of Fig. 3 , one can observe the almost complete compensation of the photocurrent obtained in transversal geometry. The weak nonzero signal (blue lines on Fig. 3(a,b) ) is due to a slight difference in the incidence angles and intensities of the two excitation beams. Since the drag current amplitude strongly depends on the polarization of the excitation beam, we were able to tune the net current amplitude by rotating the polarization plane azimuth of the first beam. The net current signal waveforms as a function of the first beam polarization azimuth obtained at nano-and femtosecond excitation are presented in contour plots on Fig. 3 (a) and (b) , respectively.
Discussion
The constitutive equation that describes the induced in-plane photocurrent density can be presented in the following form:
where E is the complex amplitude of the electric field in the light wave, x ijk and T ijkl are the material tensors that describe the photogalvanic and photon drag effects, respectively. It is worth noting that although the photogalvanic effect is forbidden in free standing graphene, the presence of the substrate may lift the inversion symmetry giving rise to the current density described by the first term in Eq.(1). The second term in Eq. (1) describes the photon-drag current density, which can be induced in materials of arbitrary symmetry. By taking into account that the six-fold symmetry axis along the graphene normal n reduces the number of independent components of x ijk and T ijkl down to four and six, respectively, Eq. (1) for the density of in-plane current induced by a linearly polarized beam in graphene yields:
where k jj is an in-plane component of the light wavevector. One can observe from Eq.(2) that the photon drag current changes its direction with k jj , i.e. when the graphene sample is irradiated either from the mirror-reflected direction or from the substrate side at the same incidence angle. In contrast, the linear photogalvanic effect contribution to the current remains the same when we irradiate the sample from the opposite side. This gave us an opportunity to identify mechanism responsible for the photocurrent generation obtained in graphene. In the experiment, we observe that switching of the induced photocurrent polarity from positive to negative takes place when graphene is irradiated from the opposite sides (see Fig. 2(d) ). This experimental finding clearly indicates that the photon drag effect dominates the photocurrent 33 . The photogalvanic contribution can be identified by occurrence of additional signal with the polarity opposite to the main photon-drag response (negative dips in Fig. 1(a,b) and wine-red circles in Fig. 2(a,b) ), which has the same sign for irradiation of the sample from the graphene and the substrate sides.
In order to investigate the interaction between the drag currents we introduce a finite time delay between two 10 ns long excitation pulses. The waveforms of the drag currents induced by each of the beams separately and the corresponding net current waveforms obtained at the different time delays between two pulses are presented in Fig. 4 . One can see from Fig. 4 that at the delay time much longer then the pulse width (10 ns), two pulses do not ''feel'' one another producing signals of the same shape but with the opposite polarity. However, when two pulses temporally overlap, the waveform of the injected current changes. This, in particular, allows one to tune the duration of the net electric signal. It is worth noting that, since the duration of the drag current pulse is only limited by the momentum relaxation time in graphene t p , it should be possible to generate the electric signals much shorter than the excitation laser pulse. That is the delay between the laser pulses rather than their duration determines the temporal profile of the net current.
One may expect that the similar effect should be observable, when the opposing components of the net current are induced by two mirrored femtosecond pulses. Although a low bandwidth of our registration system did not allow us to observe the evolution of the net current waveform by changing the time delay between two 120 fs laser pulses, we did observe complete compensation of the time integrated signal produced by the drag currents. This indicates that manipulation of the net current waveform can be also achieved on a pico-or femto-second scale because in graphene the momentum relaxes in the subpicosecond timescale 34 . Such ultrafast currents can be studied via direct detection of the electromagnetic field in THz range emitted during the motion of the dragged carriers. By changing the excitation pulse width and the delay time between the pulses one may manipulate the waveform of the net current and therefore tune the field oscillation frequency in a THz-GHz range. Also this straightforward experiment will elucidate the mechanism of interaction between the carriers simultaneously dragged in the opposite directions.
In conclusion, we proposed and experimentally verified a novel all-optical technique to induce the ultrafast photocurrents in unbiased graphene. The technique is solely based on photon-drag phenomena and provides full and non-contact control of the direction, amplitude as well as temporal profile of the photocurrent in graphene. This opens a very exciting opportunity to generate electromagnetic signals of prescribed waveform utilizing hot carrier dynamics and momentum relaxation in graphene.
Methods
Single-and multi-layered(ML) graphene samples, were obtained by a chemical vapor deposition (CVD) method, with area of about 1 cm 2 and thicknesses ranging from 1 to approximately 40 atomic layers 25, 26 . All the samples were deposited on dielectric (either SiO 2 or polymer) substrates.
Two type of lasers were used to induce the ultrafast photocurrents in the graphene sample: (i) A 1 kHz Ti:Sapphire femtosecond oscillator/amplifier Quantronix Integra-C (pulse width 120 fs, central wavelength of 790 nm); (ii) optical parametric oscillator pumped with the fundamental beam (1064 nm) of Nd:YAG laser (pulse width 10 ns pulses, central wavelength, tunable in the range from 1150 nm to 4000 nm, 10 Hz repetition rate). The control of polarization was performed by a stepwise rotating a half-waveplate positioned before the graphene sample. The incidence angle was controlled with a rotation stage while the excitation beam spot size on the sample was controlled with an iris aperture and varied from 200 mm to 0.5 cm. The photocurrents induced across the sample were detected with two parallel conductive stripe-line electrodes attached to graphene surface and connected to a 400 MHz digital oscilloscope with 50 V input impedance under short-circuit conditions. The details of THz measurements setup are presented in Supplementary information. 
